served. Glomerular hilar or mesangial neovascularization was prominent. Endothelial swelling, subendothelial widening, and new basement membrane formation suggesting chronic healing thrombotic microangiopathy (TMA) was noted in 80%. No immune complexes were localized. Conclusions: Kidney biopsies from patients with proteinuria and chronic renal insufficiency in the setting of prolonged smoking and hypertension show either diffuse or nodular mesangial glomerulosclerosis. Chronic glomerular mesangial and endothelial injury associated with smoking leads to a chronic TMA appearance in the appropriate setting, even in the absence of mesangial nodule formation.
the absence of diabetes or other superimposed glomerular immune complex disease or other lesions [1] [2] [3] [4] [5] [6] . The term 'ING' (idiopathic nodular glomerulosclerosis) was first coined by Herzenberg et al. to describe the glomerular morphology resembling nodular diabetic nephropathy (DN) (with expanded mesangial matrix, glomerular and tubular basement membrane thickening, vascular hyalinosis), but without clinical evidence of impaired glucose metabolism.
While smoking-related nodular glomerulosclerosis (SRNG) seems to be a rare diagnosis with only 0.4% of native biopsies in 1 study, greater than 60 cases in total have been described in the literature. The largest study by Markowitz et al. postulated that smoking and hypertension were common risk factors, present in 91% and 96% of cases respectively -a finding that has been corroborated in subsequent studies [1] . These patients also had coexisting non-renal vascular pathology (peripheral vascular disease, coronary artery disease, stroke, aortic aneuryms) in up to 50% [2, 5] , and an underlying endothelial injury related to elevated blood pressure and smoking has been proposed. A review in 2007 by Nasr and D'Agati proposed the term 'smoking-associated nodular glomerulosclerosis' to more definitively implicate the role of smoking initiated by endothelial injury in this process [7] .
In smoking-related glomerulopathy (SRG), lesions resembling chronic thrombotic microangiopathy (TMA) were specifically described by Liang et al., but TMA is also noted in the pathologic descriptions of nearly all reports of ING [1] [2] [3] [4] 7] . It is well known that endothelial injury is central in the development of TMA. Chronic TMA is characterized by endothelial swelling along the glomerular basement membranes with varying detachment, subendothelial lucent areas, new basement membrane layers and cellular interposition within the resultant space, in the absence of immune complex deposits. This gives rise to a double contour appearance of the glomerular capillary walls by light microscopy. A glomerular lesion similar to or diagnostic of chronic TMA would support endothelial injury as the basis for these pathologic changes.
SRG histologically mirrors DN to the renal pathologist by light microscopy and ultrastructural findings with glomerular mesangial nodule formation, tubular basement membrane and glomerular basement membrane thickening, and exudative lesions (arteriolar hyalinosis, fibrin cap, capsular drop). Clinically, the patients present with proteinuria and renal insufficiency, also similar to cases of DN, but without evidence of clinical diabetes or impaired glucose metabolism. DN is known to pathologically have a range of glomerular morphologic changes from isolated glomerular basement membrane thickening to diffuse expansion of the mesangial matrix to frank nodule formation to diffuse global glomerulosclerosis, depending on the duration of DM and the severity of glomerular injury [8] . Diffuse mesangial glomerulosclerosis in this context refers to the global, non-nodular involvement of the mesangium with increased matrix, not necessarily the percentage of glomeruli involved. We proposed a similar spectrum of pathology in SRG, which may not always reveal mesangial nodule formation, perhaps requiring other concomitant insults/factors for the development of the varied morphologic features.
Methods
The renal pathology archives at Weill Cornell Medical College and Oregon Health and Science University were retrospectively reviewed for cases of diffuse or nodular mesangial glomerulosclerosis in the absence of a clinical history of diabetes from January 1, 2003 through December 31, 2012. Twenty-four total biopsies were initially identified with diffuse or nodular mesangial glomerulosclerosis without a clinical history of diabetes. Sixteen of the 24 were diffuse alone, while 8 revealed nodular sclerosing changes. Ten cases fit the criteria where diabetes mellitus was adequately excluded. All ten identified that patients did not have clinical stigmata of diabetes including all with normal fasting glucose levels both prior to and during the follow-up period. In addition, Hgb A1c testing was performed in 5 cases and the results were found to be within the normal range. The remaining cases, 10 diffuse and 4 nodular cases were excluded from the study: 1 patient was taking oral anti-hyperglycemic agents despite 'no history of diabetes', 2 had mildly elevated fasting glucose (107 and 118), 1 had a history of gestational diabetes, 1 developed diabetes shortly after biopsy, 8 did not have enough information/testing performed to definitely exclude a diabetic state, and the final excluded case did not have diabetes and also a smoking history.
In ten cases, 6 with diffuse and 4 with nodular mesangial glomerulosclerosis, the clinicopathologic characteristics, renal pathologic changes, and follow-up information were analyzed in detail.
This study was approved by the institutional review boards at Weill Cornell Medical College and Oregon Health and Science University.
Results
The clinical parameters at the time of biopsy are summarized in table 1 . The patients with diffuse mesangial glomerulosclerosis ranged in age from 58-80 (mean 70), were Caucasian, and 5 of 6 were men. The patients in the nodular group were 48-72 years old (mean 62) and all Caucasian men. All patients in the study were smokers and the smoking duration was extensive in both groups, 20-51 years (actual years, not pack years -although most were 1 pack per day smokers) in diffuse (mean 42 years) and 20-30 years for nodular (mean 23 years). Three of the diffuse and 2 nodular patients remained active smokers at the time of the biopsy, while the remainder were reformed. In 2 patients, the duration of smoking cessation was unknown, but 3 patients had quit 14, 20 and 35 years prior to biopsy. Hypertension was present in all individuals (range: 140s to 170s systolic) and all were on at least 2 anti-hypertensive medications (range: 2-3). Peripheral vascular disease or coronary artery disease was also present in 2 (33%) and 2 (50%) of the patients with either diffuse or nodular mesangial glomerulosclerosis, respectively. The majority (80%) of patients were not obese, weighing between 138 and 233 lbs (BMI 23-35.5). Two patients fell into the obese category at BMI of 31.7 and 35.5, but both had Hgb A1c testing within the normal range, 5.5 and 5.6%, to exclude diabetes. All serologies tested were negative. There was no history of malignant range hypertension, chemotherapy use, hemolytic uremic syndrome or thrombotic thrombocytopenia purpura, scleroderma, or presence of anti-phospholipid antibodies.
At the time of biopsy, all patients had some degree of chronic renal insufficiency. Creatinine values ranged from 1.1-2.4 mg/dl for the diffuse (mean 1.8) and 1.4-3 mg/dl for the nodular (mean 1.9). For the combined groups, the mean creatinine value was 1.9 mg/dl. Proteinuria was also present in all patients and was the main indication for biopsy. Proteinuria levels were 1.9-7 g/24 h (mean 4.6) for diffuse and 1.75-5.5 g/24 h (mean 3.0) for the nodular. In all, mean proteinuria was 3.9 g/24 h for both groups combined. Two patients had microscopic hematuria at the time of biopsy.
The renal pathologic findings are shown in table 2 . Diffuse mesangial glomerulosclerosis was seen globally in the 6 patients in that group, while nodular mesangial glomerulosclerosis was the defining feature of the nodular group ( fig. 1 ). Total glomeruli sampled ranged from 11-30 in the diffuse group and 5-33 in the nodular group, with 18-72% (mean 30%) and 6-60% (mean 24%) of glomeruli in each group, respectively, being globally sclerosed. One of 6 diffuse cases also showed segmental sclerosis in 8% of glomeruli. None of the glomeruli with nodular glomerulosclerosis showed segmental sclerosis. Glomerulomegaly was seen in all cases, defined as glomerular size being greater than 50% of a 40× field when visualized with a cut through of the hilum. Of the diffuse glomerulosclerosis cases, the mesangial expansion was mild in 4 and severe in 2, based on the amount of area with increased mesangial matrix present (scored as less than a capillary lumen = mild and greater than a capillary lumen = severe). Arteriolar intimal hyalinosis was seen in 8 of 10 biopsies with circumferential or nodular distribution of the arteriolar intimal layers.
Changes of chronic thrombotic microangiopathy were also frequently seen. By light microscopy, 4 of 6 cases of diffuse mesangial glomerulosclerosis and 1 of 4 nodular mesangial glomerulosclerosis had double contours of the capillary walls. On EM, subendothelial widening was present in 5 of 6 diffuse and 2 of 4 nodular cases, and glomerular basement membrane duplication in 3 of 6 diffuse and 2 of 4 nodular cases ( fig. 2 ).
Interstitial fibrosis and tubular atrophy were present in all cases, ranging from 10-70% (mean 42%) of the renal cortical tissue in the cases with diffuse mesangial sclerosis and 35-60% (mean 48%) of nodular cases. Vascular sclerosis of both the small arteries showing fibrointimal sclerosis and arterioles revealing medial hypertrophy was moderate in 3/6 diffuse and 1/4 nodular and severe in 2/6 diffuse and 3/4 nodular. Increased prominent hilar region neovascularization or mesangial neovascularization by light and/or electron microscopy were also frequently observed, in 3/10 and 6/10 cases, respectively ( fig. 1 c) .
Using electron microscopy it was found that the glomerular basement membranes were thickened, ranging from 300-750 nm (mean 530 nm) for diffuse and 550-750 nm (mean 683 nm) for nodular. Foot process effacement overlying the thickened basement membranes was seen in 15-90% (mean 41%): 15-90% diffuse and 15-20% nodular. One case showed focal fibrillary degeneration of the collagen matrix along the subendothelial zone.
No cases showed evidence of immune complex deposits based on negative immunofluorescence microscopy for IgG, IgM, IgA, C3, C1q and kappa and lambda light chains as well as the absence of electron dense deposits by electron microscopy.
Follow-up data was available for 7 patients (5 diffuse and 2 nodular). The length of follow-up ranged from 5 months to 4.5 years. Two patients, 1 with diffuse mesangial glomerulosclerosis and 1 with nodular mesangial glomerulosclerosis, who both had severe vascular sclerosis, became dialysis dependent, 5 months and 2 years after biopsy. The other patients had insidious rise in creatinine levels with persistent proteinuria without significant decline in renal function. Four of the 7 patients with followup quit smoking successfully at the time of the last followup.
Discussion
Smoking and hypertension have previously been associated with so-called ING [2] and anecdotally a diffuse pattern of mesangial sclerosis has also been mentioned [7] , but this is the first fully characterized report of diffuse mesangial glomerulosclerosis in patients with longstanding smoking and hypertension who do not have diabetes. Herein, we report a cohort of 10 patients who have pathologic features of diffuse or nodular mesangial glomerulosclerosis with longstanding history of smoking and hypertension in the absence of diabetes. The majority of the patients have severe peripheral vascular disease, severe arteriosclerosis in the kidney, and features of chronic thrombotic microangiopathy on renal biopsy. We postulated that smoking and hypertension lead to chronic endothelial injury in some patients, which induces pathologic alterations akin to that seen in diabetic nephropa- thy, with both diffuse and nodular mesangial sclerosis, and manifests clinically as chronic renal insufficiency and proteinuria. The pathologic differential diagnosis for the pattern of diffuse mesangial glomerulosclerosis with chronic endothelial injury includes entities such as diabetic nephropathy, chronic thrombotic microangiopathy from any cause, chronic membranoproliferative glomerulonephritis (MPGN), glomerulopathy from myeloproliferative neoplasms [9] , and now described diffuse smoking-related glomerulopathy. With the exception of chronic MPGN, where immunofluorescence microscopy reveals immune complex or C3 deposits, the remaining diagnoses all necessitate a thorough clinical and social history including adequate laboratory testing to examine impaired glucose metabolism or underlying hematological disease. Rarely patients with myeloproliferative neoplasms may show diffuse mesangial sclerosis and endothelial injury presenting with nephrotic range proteinuria and chronic renal insufficiency as a late manifestation of the disease with a slowly progressing course. The mesangial expansion is presumably due to platelet derived cytokines (PDGF and TGF-Beta) and the endothelial injury is thought to be caused by platelet aggregation leading to capillary wall double contours [9] .
The patients presented herein have a similar spectrum of renal pathologic features usually seen in DN, where hyperglycemia induces glomerular, tubular, and vascular pathologic changes. As described in the classification of diabetic nephropathy [8] , glomerular changes can be mild with isolated thickening of the glomerular capillary basement membranes, or more marked with diffuse mesangial glomerulosclerosis, nodular mesangial glomerulosclerosis, or advanced/sclerosing glomerular changes. Although diffuse versus nodular mesangial sclerosis may have a different pathogenesis, both may be present concurrently in DN biopsy tissue. A different pathogenesis may also exist for diffuse versus nodular SRG, but more study will be needed in this area. Tubular basement membrane thickening, vascular sclerosis and hyalinosis, and glomerular mesangial neovascularization are also commonly present, both in DN and SRG [8] .
Cigarette smoking has known deleterious effects on renal function. Chronic smokers have been shown to have clinical renal impairment [10, 11] and to have increased urinary albumin concentrations [12] . In our patients, the cases with diffuse mesangial glomerulosclerosis had higher levels of creatinine and proteinuria than the nodular cases. In patients who are hypertensive and chronic smokers, Tylicki et al. have shown an association between smoking and urinary albumin as well as increased features of oxidative stress in hypertensive smokers as seen by increased levels of urinary isoprostanes [13] . Chronic endothelial injury in smoking leads to a reduced renal plasma flow and increased endothelin-1 concentrations [14] . Histopathologically, the endothelial injury is associated with vascular myointimal hyperplasia and hyalinosis leading to global glomerulosclerosis [15] .
Within the glomeruli, nicotine has known effects on the endothelium as well as the mesangial cells. In the rat model, mesangial cells exhibit increased expression of TGF-beta and lipid peroxidation in response to nicotine, which is likely mediated by the mesangial cell nicotine acetylcholine receptor also found on human mesangial cells [16, 17] . In vitro studies reveal that the human mesangial cell responds to nicotine exposure in a stereotypical way with dose-dependent proliferation and an increase in fibronectin production (a surrogate for increased matrix production) [16] . This effect is amplified in mouse models of preexisting chronic kidney disease, diabetic glomerular disease, or acute nephritis [18] [19] [20] . Non-neuronal nicotinic acetylcholine receptors are also present on endothelial cells, which may play a role in angiogenesis and endothelial cell proliferation [21] . In all, similar mechanisms of renal fibrosis seen in DN are likely playing a role in SRG, thereby presenting with similar clinical manifestations and pathologic appearance on biopsy.
While smoking prevalence continues to decrease in the United States, it remains high even in other nations around the world. An obvious question would be 'why do some smokers manifest renal impairment and necessitate biopsy and others do not?' The answer is not entirely clear. It is also not known why some poorly controlled diabetics manifest DN, while others do not. What drives the pathologic development of diffuse compared to nodular mesangial sclerosis either in DN or smoking and hypertension is also not known. There are likely both genetic and environmental factors that induce individual susceptibility to manifest clinical renal disease. Concomitant hypertension may also be necessary to enhance the glomerular injury and pathologic findings in both settings. Future studies using emerging molecular pathologic techniques may uncover the expression of additional high-risk genes and molecular pathways, which may further elucidate the underlying pathogenetic mechanisms.
Chronic endothelial injury in the setting of hypertension and chronic smoking may cause proteinuria and chronic renal insufficiency showing either diffuse or nodular mesangial glomerulosclerosis on biopsy. In fact, the diffuse mesangial glomerulosclerosis may be more fre-quently present in the biopsy, but may be missed or ignored due to its nonspecific nature. This diagnosis, detected earlier, may be critical in inducing reversibility with proper patient counseling. It is therefore important for the nephrologist to obtain smoking history and for the renal pathologist to recognize this pathologic entity and its risk factors and to exclude other potential lesions by performing a systematic analysis of the biopsy employing LM, IF, and EM for the ultimate purpose of aiding the nephrologist in appropriate treatment and counseling.
